Abstract -Polarized and depolarized absolute intensity light scattering, photon correlation light scattering and viscometry studies are reported on solutions in methane sulfonic acid, MSA, poly(1,4-phenylene-2,6-benzobisthiazole), PBT, and copolymers of PBT containing a bipyridyl moiety in place of some of the phenylene residues. It is found that addition of the potassium salt of MSA to the solutions reduces the second virial coefficient and causes pronounced increase in the depolarized scattering, with accompanying changes in other properties studied. The photon correlation light scattering is analyzed in terms of pseudo-components comprising aggregates with substantial orientational correlation among the rodlike chain elements. This behavior may be in accord with predicted behavior for the phase equilibria for rodlike chains.
INTRODUCTION
Light scattering studies (ref. [1] [2] [3] on dilute solution of the polymer poly(1,4-phenylene-2,6-benzobisthiazole), PBT, have shown it to have a rodlike conformation, with a persistence length p comparable with or greater than the chain contour length L, and the polymer is known to be heavily protonated in the protic acids used to prepare its solutions. Despite the nacroion character of the chain in solution, it has been found that (probably metastable) aggregates can exist in which the rodlike molecules are associated in parallel arrays (ref. 1, 3) . In this study, copolymers of PBT, PBT in which a small fraction of the phenylene residues are replaced by a bipyridyl unit are examined.
-SON BIPYRIDYL UNIT
This unit introduces the possibility for rotational isomerizations that will reduce p, and makesthe root mean square radius of gyration RG much smaller than its value L/If for a rodlike chain. The copolymers will be designated by the notation PBT-co-m, where m/100 is the mole fraction of the phenylene residues replaced in the copolymer. As illustrated by the rotational conformer shown for the bipyridyl unit, a staggered rodlike conformer is available to this PBT-co-m, which nay explain the appearance of nematic solutions with the copolymer at high enough concentration. In this study, polarized and depolarized light scattering was used to determine the Rayleigh ratios Ry(q) and Rg(q), respectively, and photon correlation light scattering was used to determine the intensity autocorrelation function g(2)(r,q), all as a function of the polymer concentration c and the scattering angle e, with q = (41T/X) sin(e/2). With polydispersed samples, these are given in terms of summations over the scattering entities (ref. 1, [3] [4] [5] . = --
Here, K is an optical constant, superscript (0) indicates a quantity extrapolated to inf inite dilution, RG i is the root-nean square radius of gyration for component i, having molecular weight M and concentration S and the (f.) depend on the orientational correlation among the scattering elements in component i, A2). is am interaction coefficient, equal to the second virial coefficient for ij, and y. is a omstant for each i (for RG q less than about 3), conveniently expressed as a hydroàymamic radius RHi, with RH,i kT/6rn5y (5) Equations 1-5 are most frequently applied to describe the effects of the molecular weight distribution of fully dissolved solute. Here, these expressions will be used to characterize the properties of pseudo-components representing the fully dissolved species as one pseudo-component (with neglect of its molecular weight distribution), and the aggregates as additional pseudo-components. This procedure is a useful approximation provided the pseudocomponents (hereafter referred to simply as components) 1iffer sufficientlyin their properties(ref. 3) .Daionamy nonexponemtial mature of (g(2)(T,q)2 will be utilized to determine r(q) and for the components. If the treatment is reasonable, it is expected that will be' independent of q, but that r(q) will vary significantly with q as dictated by' Eqn. 2. The estimates for r(q) cam subsequently be used in analysis of R(q) to determine approximations to RGi.
The solutions to be considered will be solutions of PBT or PBT-co-n in methane sulfonic acid, MSA, or in NSA in which the potassium salt of the acid is dissolved. With the latter solvent, A2 appears to decrease toward zero, and a substantial increase in R11(q) is observed.
EXPERIMENTAL
The PBT-co-n copolymers were provided by Dr. R.C. Evers, Wright-Patterson Air Force Base, Ohio. They were received as dry powders prepared by precipitation from the polyphosphoric acid, PPA, polymerization solvent in water, followed by extensive washing in water to remove residual P205. The PBT polymers used here are described in detail in ref. 1). The MSA was distilled under vacuum and stored as described in ref. [1] [2] [3] . The potassium salt of MSA was prepared by titration of MSA with potassium hydroxide. The salt crystals were recrystallized from water and dried for use. Polymers were dried under vacuum prior to use. Solutions in NSA containing the salt were prepared in two ways with PBT-co-5: the polymer was dissolved in NSA containing the salt or the salt was dissolved in a solution of the polymer in NSA. Solutions of PBT were prepared by the latter method.
The light scattering methods used here are those described in(refs. 1 and 3). Solutions were prepared for light scattering by dilution of a stock solution with the appropriate solvent. Before dilution, the stock solution was subjected to sonicatiom for 1 hour, followed by cemtrifugation (ca 5000 C) for 24 hrs to reduce aggregation (ref.
3). The stock solution was them diluted and filtered through a 2-5 pm teflon membrane filter into light scattering cells (5 ml volume). The cell was sealed under vacuum to prevent contamination by moisture, which is known to promote aggregation. Light scattering data were obtained directly on these solutions, as well as these solutions after an additional period of centrifugation (24 hr) using a swing-bucket rotor. In no case did this result in detectable removal of the solute.
Photon correlation data were obtained with 514.5 nm wavelength light. Fluorescence and absorption corrections to the observed intensities were made as in(ref. 1) .
In part, fluorescent contribution to the measured intensity was minimized by placing a narrow bandpass interference filter centered at the wavelength X of the incident beam in front of the photomultiplier. Fluorescence at this wavelength couTd affect estimates of the observed scattering (especially R(q)). The (relative) scattering 1+ between crossed polars was routinely measured at 20 mm increments over the range from 50 mm below to 700 mm using an interference filter with variable transmission along its length (Oriel, model 57480 In this way, true R. (q) scattering was readily apparent in comparison with fluorescence at X. In addition, v the interpolated fluorescence at and a convenient wavelength X1 about 30 nm larger than could be determined. These data were subsequently used to deduce fluorescence corrections needed to compute R(q) and R(q) from experimental data on the observed intensities at and X1.
Solution viscosities were measured with a suspended level, Cannon-Obbelohde viscometers, making sequential dilutions in the viscometer. The solution was maintained under dry N2 at all tines. Data on the relative viscosity 11rel = n/n , with the solvent viscosity, were analyzed with the expressions sprel1
).
Of these, [fl]c is often found to be nearly independent of c over the range of c of interest
RESULTS

Solutions in methane sulfonic acid
The visconetric results are conveniently given in terms of {rJc For most polymer solutions, [n] is a close approximation to {n]. For some of the solutions studied here, c exhiite dependence on c that could be empirically represented by the empirical expression For the solutions of PBT-co-5, R(q) is negligibly snail. Thus, for the data shown in Fig.   1 , the relative intensity 1+ observed between crossed polars over the wavelength 480 to 700 nm with 514 nm wavelength incident light is smaller, and not larger than the fluorescence excitation at 514 nn. Centrifugation of these solutions produced only modest effect on Rv(O) as shown in Fig. 2 . Data on g(2)(T,q) were found to be nonexponential for solutions of PBT-co-5, and could be analyzed with Eqn. 4. This effect is pronounced for the solutions prior to centrifugation, giving rise to components with RH,i equal to 3-5 and 17-30 mm, see Table 1 ; in calculation of R with Eqn. 5, 5/Pa.s for MSA is equal to 8.64 x l0 exp(2800/ T). Data on r(q) and RH . or solutions of PBT-co-5 in NSA are given in Fig. 3 . Estimates of {r and [1./c½ obtained with Eqn. 9 are entered in Table 1 for solutions containing the potassiui salt of MSA.
As shown in Fig. 1 , addition of salt to solution of PBT-co-5 in NSA results in a marked increase in the fluorescence 1+ over a wide range in wavelength, along with a clear marked increase in R(q). The results for Kc/RHv(O) and Kc/Rv(O) are given in Fig. 2 , and parameters entracted from the data on Kc/R(q) and Kc/R(q) are listed in Table 1 . Since the effects observed are about the same for solutions prepared by dissolving the polymer in NSA containing salt, or by dissolving the salt in MSA containing the polymer, these are not distinguished here. Analysis of g(2)(t,q) for solutions of PBT-co-5 with Eqns. 4-5 results in three components. Values of R11 1 are given in Table 1 ; in calculating RH . from y1, r5 is computed from (5/mPa.s)/(m/ml 11) = 0.142, within the concentration the salt. Use of the corresponding data on r(q) and Eqn. 2 provide estimates for (R/N). For PBT-co-5, over most of the scattering angles, the scattering is dominated by the comopent with RH . = 9-14 nm. Consequently, the estimate of for this cmponent is similar to that obtained for the total scattering if the analysis is restricted to scattering angles above 60 deg., namely about 100 rim. Qualitatively, similar results were obtained for solutions containing 1 and l.5N salt.
With PBT, the solution in MSA exhibits R(q) scattering appropriate to the molecular anisotropy 6 of the rodlike chain (ref. with the sums over all of the rodlike chain segments, where y is the angle between the optical axes of segments i and j, each of which has an intrinsic optical anisotropy 6 = 0.5 for PBT). For the copolymers studied here, in the extreme case with no rotational restriction at the bipyridyl unit Eqn. 10 becomes = -Kc(M) ô (12) where is the molecular weight of the rodlike PBT chain sequence in the copolymer. If the fraction (1-x) > 0 of the phenylene moieties replaced by bipyridyl units are randomly distributed, then (MR)W m0(2-x)/x, where m0 is the PJ3T repeat unit molecular weieht (n0 = 266). With = 0.5, it is seen that R11(O) is small for the value of x of interest
here. An improved estimate for RHv(O) can be made using Eqn. 11 for 6 provided the orientational distribution among the segments is known. For the wormlike chain model, which should be reasonable for the fully dissolved copolymers, Eqn. 11 gives (ref. 4, [6] [7] [8] (13) where p is the persistence length, L the chain contour length, 6 the intrinsic anisotropy, and I the length of a chain element with molecular weight m0. For the wormlike chain where a is the chain diameter and c2, so that for small p/L, RH 2R,,/3, as expected for a flexible chain polymer.
An estimate for p for the copolymers of interest here may be obtained by representing the chain as a sequence of rodlike elements of length i = MR/ML alternating with elements of length 2 equal to the distance between the centers of aajacent pyridyl rings, with a fixed angle n between successive elements. Then, (ref. The Nw obtained for PBT-co-5 is unexpectedly large for a step-growth polymer. Moreover, analysis of g(2)(t,q) with Eqn. 4 reveals two (pseudo) components, with the major contribution to g2(t,q) having R 17-30 nn over the range of c studied, with a minor contribution having RH : 35
The latter is attributed to low molecular weight rodlike chains with contour length L 15 mm that is smaller than the length (N,) /ML 70 nm expected between bipyridyl units with PBT-co-5. The component with RH 1-3O nm is essentially the only contribution to R(q). The estimate pS(p/L) estimated with the latter using Eqn. 16 is smaller than expected (e.g. 11 om even if the factor (h+1)/(h+2) Z 1). Moreover, using Eqn. 17, the observed RH correspond to calculated M smaller than the observed Mw• These disparities are attributed to aggregation, which results in a supramolecular structure containing several chains. The viscometric data are in accord with this conjecture. Thus, in general,
[n] = KvNA R RM1 and the results indicate a tendency for the chains to tend towards a parallel array in the aggregate.
The data on vv(0'c for the three larger concentrations give ln(c/Rv(O))/3c 2100 ml, which is larger than the corresponding value obtained (ref. 1) in MSA (e.g., Table 1 ). In addition, the data give very large Rv(O)/c for the smallest c and decreases with increasing c. The latter suggest that the state of aggregation, or the structure of the aggregates change with c, making detailed interpretation of the dependence on c hazardous.
The data on g'2(t,q) for the PBT solution containing salt exhibits a component with RH 40 nm that dominates the scattering at most angles. Additional components with RH 5-7 nm and very large R (variable with c, in the range 400 to 4000 nm) are also obsefved. Application of Eqns. l-2 to the data on R(q) results in an estimate of 40 mm for JRr for the component with RH 40 nm. The latter is similar to the data reported (ref. 1) or the polymer in the solution in MSA, but RH is larger than the value of 13 mm reported for the MSA solution, suggesting that this component may be sheath like in its overall shape, with a large number of the rodlike molecules packed in a more-or-less parallel array. Since the data do not provide a relative concentration of the components, an estimate for the molecular weight of the component, and hence its degree of association is not directly available. The components with large R11 also exhibit values for bv _ ln[R(q)r(q)/ q2 for small q that are large and variable with c(e.g., bv 200-250 nm). The data on bH = -(7/3) ln R11(q)]/ q2 give a large correlation length, e.g., bHv 30 nm. As shown in Fig. , the data at the lowest c studied show more intense Rv(O) scattering than that for the larger c, with even larger bHv. Since arrangement of the rodlike chains in the supramolecular structure is unknown, f3(e.g. Eqn. 3) is not known and Rc cannot be computed from bHv• Nevertheless, it is evident that the solution contains large aggregates with the chain with their axes nearly parallel.
Similar effects are observed with PBT-co-5 in that R(q) is increased substantially on the addition of salt, with an accompanying increase in (Rv(O)/c)°. In addition, [Kc/R(q)J/ q2 is not independent of c and a component with RH 110-180 rim appears in the contribution to g(2)(t,q). The modest increase in (Rv(O)c)° obtained on the addition of salt shows that relatively little additional association in comparison with the MSA solution. Rather, it appears that the principal effect is to increase the orientational correlation among the chains in the aggregates, e.g., the increased R(q). The negligible variation of 1c with c indicates that these aggregates are (meta) stable toward dilution. In that case, the negligible dependence of c/Rv(O) on c indicates that A2 0. The similar value of RN and for the major component in MSA and one of the major components in the salt solution sh6ws that the overall shape of some of the aggregates is not much altered by the addition of salt --the components with larger observed with the salt solution may be caused by aggregation of the smaller aggregate structure.
Theoretical studies on the phase equilibria (ref. 10,11) of mesogenic polymer solutions suggest that if A2 is small enough and c large enough, the mesogenic solutions will separate into two phases, a disordered solution with very small c, and an ordered solution with large c. Such effects have been reported with solutions of poly(benyl-L-glutamate) for concentrated solutions (ref. 13 ). This phase separation could be promoted by the creation of supramolecular aggregates, which effectively increases the local concentration cloc for the polymer in the aggregates. It is possible that the effect on R(q), etc. observed on the addition of salt to MSA solutions is caused by the predicted phase separation for small A2, with the effect being enhanced here, because cloc > c. Similar considerations may be responsible for the marked tendency of rodlike chains to exhibit aggregation since the dissolution process requires passage through a concentrated solution, which may be unfavorable unless the effective polymer interactions are strongly repulsive (i.e. unless A2 is large and positive).
